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Abstract 

We examine the current lower bound on the charged Higgs boson mass in the 
Minimal Supersymmetric Standard Model. By applying direct search constraints 
on the neutral Higgs bosons and other supersymmetric states, as well as a number 
of indirect constraints (b — > 57, B s — * ufi, B — * ru, B — > Dtv), we find that it is 
possible to push the charged Higgs boson mass as low as 140 GeV. We work in a 
completely low-energy approach with no assumptions about scalar mass unification, 
examining two of the most popular limits for neutral Higgs boson searches: the 
Max-Mixing and No-Mixing scenarios. While both scenarios allow light charged 
Higgs bosons, they do so for completely different ranges of tan j3. In either case, 
one expects light top squarks to accompany a light charged Higgs. 



With the initiation of the LHC, physicists will soon be able to search for new physics 
at energy regimes never before possible. Among the possible discoveries that would signal 
the existence of physics beyond the Standard Model (SM), one that stands out (among 
several) would be the discovery of a charged Higgs boson. While physicists have become 
comfortable thinking of the SM as a theory with a single Higgs SU(2) doublet, there 
are simple extensions, trivially consistent with all available data, in which additional 
SU(2) singlets and/or doublets are added to the spectrum of the Higgs sector. One of 
the smoking guns for the models with additional doublets, called Two-Higgs Doublet 
Standard Models (2HDSMs), are physical, charged Higgs bosons. 

If a charged Higgs (i? ± ) exists, there are a number of channels, both direct and 
indirect, in which its presence could have a profound effect. But the most well-known 
(and currently most limiting) constraint on the if ± comes from the rare decay b — > 57. 
Constructive interference in 2HDSMs between a if ± -mediated loop diagram and the 
standard H^-mediated diagram (see Fig. [Q leads to lower bounds on the charged Higgs 
mass of roughly 300 GeV [1] . 

However, it has long been known that b — > 57 can have other, equally important 
contributions in more general models of new physics. In particular, within the Minimal 
Supersymmetric Standard Model (MSSM), chargino- and neutralino- mediated diagrams 
(Fig. []Jc)) can partially or completely cancel the charged Higgs contribution, eliminating 
the aforementioned bound [2] . Given the possibility of at least some cancelation amongst 
the different contributions, it is almost taken for granted that supersymmetry (SUSY) 
can accommodate a lighter charged Higgs than the 2HDSMs. However, the other light 
SUSY particles which help in the b — > 57 cancelation also enhance other flavor changing 
processes, such as B s — > fifi. At the same time, a charged Higgs still mediates tree-level 
flavor- changing process such as B — > tv and B — > Dtv. All of these processes provide 
constraints of varying strength on both the charged Higgs and other SUSY masses, which 
makes determining a direct theoretical mass bound on the charged Higgs difficult to 
achieve. 

There are additional constraints on both the charged Higgs and the spectrum of SUSY 
partners ( "sparticles" ) which arise from the neutral Higgs sector. Within the MSSM, the 
charged Higgs is accompanied by three neutral Higgs bosons, the lightest of which is 
often SM-like, and for which a number of experiments have conducted searches. At tree 
level, the lightest Higgs (h) must be lighter than the Z; at higher order the mass can be 
raised as high as 125 to 135 GeV, depending on the details of the sparticle spectrum and 
the masses of the other Higgs states. These correlations can be quite complicated and, 
as we will see, can rules out many models with a light charged Higgs. 

In this paper we examine all these varied constraints in order to calculate a true lower 
bound on the charged Higgs mass, an important question for phenomenologists at the 
start of the LHC era. This question has been examined in recent literature [31 ffl [2] , and 
like these papers, we include various .B-physics and electroweak constraints. However, 
we will try to maintain, in so far as possible, a completely "bottom-up" analysis; that is, 
we make no assumption about unification at some high scale, which means we avoid the 
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Figure 1: Feynmann diagrams contributing to b — > sj. Includes (a) W^, (b) H and (c) 
diagrams. 

hidden correlations that usually arise in that class of models. We also will work within two 
limits that are most-often examined by phenomenologists and experimentalists looking 
for the light Higgs: the so-called Max-Mixing and No-Mixing scenarios, which we will 
define in the next section. In a sense, we trade some of the high-scale simplifications of 
Ref. [Him IS] in favor of low-energy simplifications. Our final results, however, as in broad 
agreement with the earlier analyses, as we will explain. 

The plan for this paper is as follows: We begin with three sections reviewing the 
major constraints, both direct and indirect, on the Higgs sector of the MSSM, and on 
the sparticle spectrum. Following that discussion, we explain in §4 how our analysis was 
performed, the results of which are discussed in detail in §5. These results are compared 
to earlier results in the Conclusions (§6). 

1 Direct Observables 

The first direct observable of importance is obviously the search for the charged Higgs 
with the current experimental limit coming from the process e + e~ — *> H + H~ . The best 
searches so far only place a lower limit on m#± of 79 GeV, which is far below indirect 
searches in 2HDMs. However, the parameters in the Higgs sector of SUSY are all strongly 
connected. At tree level, the charged Higgs mass depends on the CP-odd Higgs, A, 
through the relationship: 



Many other relationships like this exist amongst the Higgs parameters and at tree level 
the Higgs spectrum in SUSY is usually determined by two parameters, commonly taken 
to be the mass of the CP-odd Higgs boson, uia and tan/5 = v u /vd- Through these 
relationships direct limits on other Higgs particles impact the mass range available to 
the charged Higgs. 

Two direct limits of interest are those on rriA and the lightest CP-even Higgs mass, 
m/j. The lightest CP-even Higgs, h, in particular has been strongly sought after and 
in SUSY is quite light, lighter than rriz at tree level. However, quantum corrections 
play a large role, and can raise rrih above the LEP bound of 114 GeV. The primary 
quantum corrections of interest are those generated by stop loops and yielding a light 
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In the above X t = A t — n cot (3 and Msusy is understood to be the average mass of the 
top squarks. 

The size of these corrections can vary greatly, and in many phenomenological studies, 
the choice is reduced to two extremes, these being the "Max-Mixing" and "No-Mixing" 
scenarios. The Max-Mixing scenario occurs when m^ is maximized by setting X t = 
V^MgusY, whereas the No-Mixing scenario sets X t = 0. The former case generally 
implies large A-terms while the latter typically requires a heavier Msusy in order to pass 
the LEP bound. 

The lower limit on the Higgs mass of 114 GeV was obtained through a search for 
the SM higgstrahlung process (e + e~ — > Zh) at LEP. SUSY effects can alter the bound 
significantly because of a suppression in the coupling between the Z boson and the light 
Higgs (gzzh) which leads to a suppression of the cross section of the form: 

a^ SY = sm 2 ((3-a)xa^. (3) 

In the above, cr^f is the Standard Model cross section given by: 

4f = CWA 1/2 (A + 12sm|), 

A = -m 2 h -m 2 z ) 2 -4m 2 h m 2 z , (4) 

where, we condense the pieces of the calculation not dependent on rrih into a constant 
Cew- This constant depends on the center of mass energy, s, and other electroweak 
parameters such as m z , a and the weak angle, 9w 

LEP also considered the production of the CP-odd Higgs boson, A. The cross section 
for e + e~ — ► Z — > hA is suppressed by cos 2 (/3 — a) which goes as: 

(5) 

m\ (mjj - m 2 h ) 

In the Higgs decoupling limit, where m^ is large, cos 2 ((3 — a) — ► which leaves the 
higgstrahlung process above SM-like. These two experiments are complementary and 
combine for a robust constraint on the light CP-even Higgs. 

We implemented the constraint from the SM Higgs search by requiring the the higg- 
strahlung cross section for the SUSY Higgs, h, satisfies the following bound: 

0-susy { m h, yfs = 209 GeV) < 4f (m h = 114, ^ = 209 GeV) . (6) 
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For the complementary process, e + e~ — > Z — > hA, the decay of the A boson is unfor- 
tunately very model dependent. Therefore we will enforce the LEP constraint on tua of 
91 GeV though it is possible that a lighter A could be possible. 

Finally, LEP has also placed limits on other SUSY particles. For instance, the lightest 
stop, fi, is required to be heavier than 95 GeV and the lightest chargino, xt> must be 
heavier than 103 GeV. This last limit constrains the parameter through the chargino 
mass matrix. While other SUSY particles have direct limits imposed by LEP, such as 
the lightest sbottom, and lightest neutralino, Xii they do not have a sizeable effect 
for the parameter space we examine in this analysis More details about these constraints 
is given in section 4. 



2 B Physics Observables 

Over the last decade, the number of measured observables and their precision has in- 
creased dramatically. These measurements have in turn provided new, powerful con- 
straints on beyond the SM physics and SUSY in particular. In this analysis many differ- 
ent flavor- violating processes are considered which are enhanced by the presence of a light 
charged Higgs. These include processes such as b — > sj, which currently places a very 
strong limit on m H ± in 2HDMs. There is also B s — > fifi, which receives corrections from 
SUSY which are an order of magnitude greater than the SM contributions. We study 
these processes and other flavor observables, such as the decays B — > tv and B — > Drv 
which are tree-level processes mediated by a charged Higgs. 



2.1 6^S7 

The calculation of b — > s'j is generally broken into two parts by way of the operator prod- 
uct expansion. The short range physics, which includes all the contributions from SUSY, 
is contained in the calculation of the Wilson coefficients,^. The calculation of these 
coefficients is well documented in the literature. [2j [7J The and if ± contributions, 
which are shown in Figfjji)-b), are as follows: 

3 m\ ( m\ \ 

^ w = o — 2~ Fl — T ' 
2 ?7% \mfyj 

Ch± = ^(ia^ Fi (5:) +F2 (5:))' (7) 

where Fi and F 2 are kinematic loop functions given in [7]. These two contributions are 
the only ones found in 2HDMs and they always constructively interfere. This allows the 
current measurements on b — * 57 to place strict limits on the charged Higgs mass in such 
models, with current bounds requiring the charged Higgs in 2HDMs to be heavier than 
w 300 GeV. 
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Within SUSY, the charged Higgs and SM contributions also interfere constructively, 
but now there are the chargino contributions, shown in Fig. Wp), which depend on several 
different particles masses and the chargino and stop mixing angles; these in turn bring 
in a dependence on soft SUSY parameters such as /i and A t . The chargino contributions 
usually interfere destructively with the SM, which weakens the limit on m#± coming 
from b — > sj. 

To determine the effect of this short range physics, the entire calculation, including 
the long range QCD effects, must be considered. Converting the Wilson coefficients into a 
rate for Br (B — > X s j) has been well studied [HIE]- We use the NLL calculation of Ref. [8], 
which easily and analytically incorporates new physics from the Wilson coefficients. The 
largest source of error in this calculation comes from the charm mass in the ratio m c /mb 
and we use this large uncertainty to tune the NLL calculation so that it reproduces the 
NNLO theoretical value for the SM calculation of Br (B — > X s 7) of 3.15 x 10~ 4 when the 
new physics is turned off. 

This theoretical value is lower than the current experimental value which is given by 
the Heavy Flavor Averaging Group [10] to be: 

Br(5 -> X sl ) exp = (3.55 ± 0.24±g;?g ± 0.03) x 10~ 4 . (8) 

This allows some room for new physics, and leads to the following 2a confidence interval 
which we enforce on our analysis: 

3.03 x 10" 4 < Br(5 -> X sl ) E >x eGeV < 4.06 x 10~ 4 . (9) 
2.2 B s — > fifi 

Another probe of SUSY, which is particularly powerful at large tan/?, is the decay 
B s — > yU/i. This process is mediated by Higgs penguin diagrams which create an effective 
coupling between H u and the down type quarks: H u djiA u q L . This effective coupling picks 
up contributions from two sources in SUSY, a gluino loop which is flavor preserving and 
a chargino loop which is flavor violating as shown in Fig. [2J The size of this effective 
coupling is given by [TU [T2] : 

(A U ) JI = y dj (e 6 IJ + e Y y?V 3J *V 31 ), (10) 
where I, J — 1...3 designate the quark generation, and 

Sir rag 

ev = jl~^H 2 (x^x u ^). (11) 

Here x®'^ = mg//i 2 and the other x's are similarly defined and H 2 is a kinematic function 
defined to be: 

tt i \ xlnx 2/lny , iri , 

H2{X,y) = r + - r. 12 

(l-x)(x-y) (l-y)(y-x) 
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Figure 2: Higgs Penguin diagrams contributing to B s — ► /i/x. 



Two of the prominent features of this decay are its strong dependence on tan (3 and 
rriAi which enter the branching ratio with six and four powers respectively. In the large 
tan/? limit, where the SUSY contribution is clearly important, the branching ratio can 
be formulated as IT2l: 



Br(5 s -> mi) = 3.5 x 10" 



tan (3 
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In the above, 



e 3 = e + e Y y t . 



(13) 



(14) 



This large tan /3 enhancement allows the SUSY contribution to this decay to dominate 
over the SM prediction, which is highly suppressed: Br(_B s — > /i/i) SM = (3.2 ±0.5) x 10~ 9 . 
Such a large possible contribution from new physics has driven the search for this decay. 
Currently, the strongest experimental limit comes from CDF [15] : 
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(15) 



2.3 B -^tv 

The process b — > 57, though it is well-studied and provides a strong constraint, only de- 
pends on the charged Higgs through loops. This allows other SUSY particles to interfere 
with the effect of the charged Higgs contribution as described above. However, SUSY 
models with a charged Higgs also generate tree-level flavor violation and without the loop 
factors, Oil) corrections to several processes can be produced. One process of interest is 
B — > tv which is generated by a simple tree- level exchange of a H^. The contribution of 
the charged Higgs to B — > tv has been studied in many sources [TJJ [T5] and the decay 
rate is given by: 

tvr+ \ G 2 F m B m 2 Jl 2 ( m 2 T \ 2 

T(B + -> tv) = \V ub \ 1 T \ xr H , (16) 

8tt V m% 
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where Th contains the m H ± dependence: 



/ tan 2 /3 m\ \ 

rH= l v 1 "l + eo tan/3<:J ' (17) 

In the equation above, the eo is the same Higgs penguin corrections discussed in the 
B s — > nn section. 

The current experimental limits for B — > tv is often expressed as a limit on the ratio 
of the experimental value and the SM theoretical calculation |10j : 

Rb^tu = - TU \ eXP = 1.28 ±0.38. (18) 

We turn this into a 2a confidence interval on Rb_> tv : 

0.52 < Rb^tv < 2.04 (19) 

However, while B — > tv can provide a strong experimental constraint, as found 
in [1], its calculation is plagued by large theoretical uncertainties; neither the decay 
constant, fs, nor the CKM element V u b are well measured. V u b in particular is poorly 
understood with a large range of experimental measurements which depend on whether 
the measurement is from the inclusive or exclusive decays. In fact, several of the most 
precise measurements of V u b obtain very different results [HJJ HE] . This presents a problem 
when trying to interpret the effect of this constraint on our models and we will discuss 
it further in section 5. 



2.4 B -h. Dtv 

While B — > tv has a large theoretical uncertainty due to the error in V u b, B — > Dtv 
depends on the more accurately measured V c b. Unfortunately, the presence of multiple 
neutrinos in the final state makes the detection of B — > Dtv more of an experimental 
challenge. But, with growing certainty in the measurement, it can possibly provide 
comparable power to constrain new physics models. 

In order to limit the dependence on hadronic parameters, it is more useful to calculate 
a ratio of B — > Dlv decays. We follow the results of Refs. [T7J [18] to obtain the ratio: 

t^tI — D J U \ = (°- 28 ± °- 02 ) x f 1 + i- 38 R<C NP ) + 0.88 |CW| 2 ) . (20) 

dt(B — > Dev) v ' 

In the above, Cnp contains all the contributions that come from new physics. Neglecting 
all but the tree-level charged Higgs contributions, one finds: 

m b m T tan 2 /? 

L-iVP — 2 T~, 7 n- \ Zl ) 

m H± 1 + eo tan p 



7 



We compare our calculation to the measurement by BaBar [19J: 



By(B -> Deu) 
Which leads to a 2a confidence interval of: 



Br(B — > Dru) = 0.416 ±0.117 ±0.052. (22) 



Br (£ -> £>rz/ , s 

0.151 < f < 0.681. 23 



3 Other Observables 

The observables listed in the previous sections are the dominant constraints on the 
charged Higgs mass, and they are also the most model independent. There are however 
a number of other constraints which are traditionally applied to the parameter space of 
the MSSM, some of which we use and others we choose to ignore, for reasons we outline 
now. 

So far, we have applied nothing in the way of constraints on the slepton sector. 
Though this sector has a rather rich phenomenology, constraints arising here generally 
depend on slepton masses and mixings, and on complicated, highly model-dependent 
decay rates among the neutralinos and sleptons. Such observables however, exhibit very 
weak, or no, direct dependence on the charged Higgs mass. If we were to implement 
some unification constraints on our models, such as is often done in the literature (e.g., a 
unified scalar mass, Mo), the sleptons become linked to the squark sector and therefore 
in turn to the Higgs sector. Enforcing such a constraint on the mass spectrum will of 
necessity result in tighter limits on m#± which are higher than in more general models. 
Since our goal is to find something close to an absolute lower bound on m#±, we will not 
take this approach. However there are still a few, generally useful constraints that we 
can learn from physics in the (s)leptonic sector. 

The main such constraint arises from the measurement of the muon anomalous mag- 
netic moment, denoted a M . Both the theoretical and experimental values of a M have been 
extracted to extraordinarily high precision, with a small (roughly 3cr) discrepancy found 
between experiment and the SM. The current difference between experiment and the SM 
calculation is [201 121] : 

fl exp _ fl SM = ( 2 g 5 ± 8 ^ x 10 -10 

If the spectrum of SUSY is at all light, then it will contribute to this anomaly, but with a 
sign that depends almost solely on the sign of the /x-parameter [22] • Given the sign of the 
discrepancy, a positive sign for \i is favored (using here the Les Houches conventions [23J). 
Therefore we will present our results under the assumption of fi > 0, leaving the case for 
fi < for our comments at the end of the next section. 

But since the sleptons play little other direct role in constraining m H ±, we will push 
all slepton masses to 10 TeV so that they don't inadvertently create correlations which 
are not generic to the MSSM. 
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Another possible constraint comes from astrophysics. Observations [24J have shown 
that there is an abundance of dark matter in the universe which cannot be explained 
within the SM. Low energy SUSY models generally introduce a new symmetry, called 
i?-parity, in order to avoid fast proton decay. In the process, i?-parity forces the lightest 
SUSY particle (LSP) to be stable, making it a candidate for the universe's dark matter. 
Ideally there are two sets of constraints on the LSP. First, it must be electrically neutral 
so that the matter is truly "dark", and second it must produce the correct density of 
dark matter as observed by astronomers. We will use the first constraint (though, as we 
will see, it does very little for us), but ignore the second constraint, since constraints on 
the calculated relic abundance once again produce a great deal of model dependence in 
our results. 

4 Analysis 

The goal of this analysis is to find a lower bound on the charged Higgs mass within the 
MSSM, but without enforcing "unnatural" constraints on the model, such as unification 
of all scalar masses. As we will see shortly, the analysis here is not entirely general, but 
captures most of the physics that a truly general analysis would uncover. 

One way in which we avoid being completely general is in our treatment of the ra- 
diative corrections to the lightest neutral Higgs boson. Studies of the Higgs sector phe- 
nomenology usually consider two particular limits for the lightest Higgs mass, called the 
"Maximal Mixing" and "No Mixing" scenarios. The names refer to the size of the top 
squark mixing corrections that are calculated at the SUSY decoupling scale, as discussed 
earlier. All of our calculations are done within one or the other of these scenarios. 

Our basic procedure is to perform a random scan over the low-energy parameters of 
the MSSM, enforcing all constraints and then finding the lower bound on m#± consistent 
with those constraints. For the plots that follow, we have shown only 10,000 points, 
though we have studied the parameter space with many more, particularly near the 
boundaries where a transition between constraints arises. 

The parameters in the scan are entirely weak-scale parameters; no unification or 
running is done in the analysis. But these parameters are generally not equal to physical 
masses, and we include F- and D-term contributions, left-right mixing, and leading one- 
loop corrections in calculating physical mass eigenvalues. In the next few paragraphs we 
summarize the constraints that we place on the input parameters in order to define our 
model space. 

We begin by setting the slepton masses to be very heavy - 10 TeV - and /i positive. As 
we mentioned in the previous section, the observables which depend crucially on slepton 
masses, such as the dark matter relic density or a M , have very little correlation with the 
charged Higgs mass. By setting the slepton masses high, and by choosing that our models 
have a positive sign for fi, we include the indications given by these constraints without 
ruling out otherwise "good" models unnecessarily. Another way to say this is as follows: 
if a model point is acceptable in every way except that it generates too much/too little 
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dark matter, or falls outside the experimentally allowed range for a^, we can probably fix 
that problem by shifting the slepton masses, without affecting the charged Higgs mass 
in any way. Thus we choose to essentially decouple the sleptons from the start. 

In the squark sector we set the masses of the first two generations to 1 TeV, for reasons 
that echo those for the sleptons. However the third generation plays a key role in the 
charged Higgs bound, coming into both the radiative corrections to the Higgs masses 
themselves, and the chargino-stop diagrams that contribute to b — > 57. Thus we allow 
the the third generation soft squark mass parameters to run within the range of 500 GeV 
to 1 TeV. To make the analysis simpler, we assume that the soft mass parameters for 
each of the third generation squark states (the left-handed stop-sbottom doublet, and the 
right-handed stop and sbottom singlets) all share a common soft mass, m 9 - 3 . From the 
soft masses, the physical masses are calculated by adding the "threshold corrections": 
F- and D-term pieces, as well as left-right mixing. For the left-right mixing, we will 
need to choose values for the A and //-terms, which we will discuss shortly. Some loss of 
generality is unavoidable by our choice of a universal third generation squark mass. Even 
so, after including threshold corrections to the squark masses, the squarks can become 
as light as 300 GeV, where they would start to run into Tevatron constraints. 

As for the left-right mixing, we set all A-terms, except A t , to be zero. (We assume that 
trilinear soft breaking terms are proportional to their corresponding Yukawa matrices, 
which justifies this simplification.) Instead of varying A t as another free parameter, it 
instead takes on two extreme values that have been used in many phenomenological 
studies of SUSY. The first is the Max-Mixing scenario in which X t = A t — /x cot f3 is given 
a value such that the correction to the light Higgs mass in Eq. (|2j) is maximized. Once 
(jl and tan/3 are chosen in a model, A t is chosen such that X t = ^/6rng 3 . The second 
scenario is the No-Mixing scenario in which A t = \x cot (3 and X t is identically zero. 

In the gaugino sector, we set the bino mass, Mi, and the gluino mass, M3, to fixed 
values, while allowing the wino mass, M2, to vary between 100 and 500 GeV. Varying 
M 2 is important because, along with the \x parameter it directly enters the diagrams for 
b — *■ 57 through the chargino masses. Mi, however, does not need to vary, as the only 
constraint that depends heavily on its value is the LSP dark matter constraint. With the 
sneutrino masses raised to 10 TeV, the only remaining candidate for dark matter is the 
lightest neutralino, whose mass is tied strongly to M\. For this analysis, M\ = 60 GeV, 
a value which both satisfies the LEP bound on Xx, an d provides for Xi to be the LSP. 
(There is a small dependence in b — > 57 on Mi through the neutralino diagrams, but this 
effect is far too small to affect our results.) 

The gluino mass, M3, has no leading contributions to any of the observables we 
are considering, but it does have one sub- leading effect. Because the non-holomorphic 
corrections to the down-quark masses depend on M3 (through the parameter eo), there 
is a second order dependence in both B — ► rv and B — > Dru. Even B s — > /i/i, which 
depends heavily on the non-holomorphic terms, is primarily dependent only on ey (which 
has no M3 dependence), and only receives a small correction via the M3-dependent eo 
term. For these reasons, M3 in this study is set to a fixed value of 1 TeV, at which most 
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1000 GeV 
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1 TeV 
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500 - 1000 GeV 




10 TeV 



Table 1: Range of parameters in MSSM scan. 

of its effects decouple. 

The /i-parameter is also varied: 100 GeV < /i < 1 TeV. The value of \x is assumed 
to remain positive for all of the results shown in the next section (consistent with a M ), 
but we have tested the stability of our results for negative \x and find no new regions of 
parameter space appear. The lower bound of 100 GeV is set by the LEP limit on chargino 
masses. 

We treat the Higgs sector much like the others - we vary over a set of input parameters 
and check to see if the resulting set of inputs is consistent with all of our constraints. 
Normally one parametrizes the Higgs sector with two parameters, tan/3 and tua- But for 
the purposes of this paper, it is more convenient to replace wia with m#± which is allowed 
to vary between 100 and 300 GeV. The upper bound is set because above 300 GeV it 
is rather trivial to find models consistent with the b — > 57 constraint, and so we have 
no interest there. The parameter tan/3 is varied from 1 < tan/3 < 70. Allowing tan/3 
to push above the more usual limits of 50-60 will have some effect in the No-Mixing 
scenario. 

It is also important to note while our calculation of the Higgs spectrum includes many 
of the first order corrections, however, there are higher order corrections which can shift 
the light Higgs mass by 3 — 5 GeV [2E] • To account for this uncertainty and guarantee 
models are not incorrectly thrown out, 3 GeV is added to the masses of A and h before 
enforcing the calculating the observables and applying their constraints. 

The range over which the various parameters have been varied is summarized in 
Table [U 

Once a set of parameters is chosen in either of the Max-Mixing/No-Mixing scenarios, a 
physical spectrum is generated. In order to take include the corrections necessary in both 
the squark and Higgs sector, we started from the publicly available CPsuperH code [27], 
altered to our uses. Once a physical spectrum and its accompanying parameters (such as 
the angle a in the neutral Higgs sector) , each observable was calculated and compared to 

1 We note in passing that while the observables considered here have little to no dependence on M3 
or eo , there appears to be a rather strong dependence on these parameters in the discovery potential at 
the LHC. See Ref. [25J for details. 
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its 2a confidence bounds. The results of this analysis, in terms of which points passed all 
the constraints and how each constraint sliced the parameter space, is discussed below. 

5 Results 

Our primary result is shown in Fig. [3l showing m H ± vs. tan f3 for a set of Max-Mixing 
models. The electroweak and flavor constraints are applied one at a time, in the following 
order: (1) all direct search constraints on sparticles are applied as discussed at the end 
of §1; (2) the mass bounds on h and A are applied also following the discussion of §1; (3) 
the b — *■ sj constraint is applied following §2.1; (4) the B s — ► \x\x constraints is applied as 
in §2.2; and finally (5) the B — > tv constraint is applied following §2.3. The points are 
colored according to the bound which they first fail. Those points which remain after all 
constraints have been applied are shown as dark black, filled circles. 

Some constraints described in the text had no noticeable effect on the parameter 
space. For example, the B — > Dtv bound (described in §2.4) only rules out model points 
which are already in conflict with the LEP Higgs or B s — > fifi bounds. Other constraints, 
such as the neutral LSP requirement, are built into our choice of parameter ranges, as 
described in the previous section. 

The region that passes the constraints has several interesting properties. Most im- 
portantly, we find that a light charged Higgs mass is possible in the MSSM, with models 
possessing a charged Higgs down to 140 GeV still able to pass all constraints. The region 
which allows for a light H ± is similar to the non-universal Higgs mass (NUHM) case as 
examined in Ref. [5]. 

It is also interesting that the lower bound on m H ± appear to come primarily from the 
LEP constraints on the the neutral Higgs masses (particularly rrih, though it is not obvious 
in the figure). In other words, it is possible to find ranges of SUSY sparticle masses 
and parameters for which all the indirect observables are consistent with experiment, 
for charged Higgs masses right down to the direct bounds coming from LEP. But once 
the charged Higgs mass falls below 140 GeV it appears to be impossible to find a sets of 
parameters that remain consistent with the bound on rrih- This is a somewhat unfortunate 
circumstance, since the calculation of rrih is so complicated that different calculations of 
rrih could potentially lead to very different bounds on m#± ; this is something one of us 
is exploring further [28J. 

One can also see the effect of the b —>■ s'j constraint starkly. In the region of 
3 < tan /3 < 15, there are very few model points which are consistent with all bounds yet 
yield a light H^. And as we push to lower and lower m#±, the number of points rapidly 
decreases. This is because such light H ± require large cancellations in the b — > calcu- 
lation, cancellations that become harder and harder to arrange the more rrin± decreases. 

In order to arrange such a cancellation we are forced to have other light sparticles, 
particularly top squarks. In Figure 0] we can see this explicitly. As m H ± decreases, 
the upper bound on the lightest squark (almost always a stop) also decreases. For 
rriH± < 200 GeV, a squark below 500 GeV is required; for m H ± < 155 GeV, a squark 
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Figure 3: Scan of SUSY models examined in the tan/3 vs. mjj± plane. This figure shows models 
of the Max-Mixing scenario. A point color/symbol indicates the first constraint which ruled it 
out, or is a dark black circle if it was not ruled out. The order of constraints it shown in the 
legend box and discussed in the text. Note that only a few points were ruled out by B —* tv 
alone, and are hard to find in the figure. 

below 400 GeV is required. This can be contrasted with the mjj± ~ 300 GeV, when 
squark masses up to 750 GeV are fine. Thus a light charged Higgs necessarily implies 
other "light" sparticles, in particular, top squarks. 

The lightest charged Higgs masses in Fig. [3] occur in the region of 7 < tan/3 < 15. 
Larger values of tan/3 are in conflict with B s — > /x/x, whose rate grows as tan 6 /?. This 
constraint is further strengthened at small m#± because the rate also scales as l/m\ 
(with rriA in turn scaling with m#±). Therefore, B s — ► rules out a large fraction of 
the low m#± , high tan j3 region of parameter space. (The constraint from B — ► tv also 
plays a role in this region of parameter space, but only a few model points are ruled out 
by B — ► tv which are not otherwise ruled out by B s — > fifi; these are very difficult to 
see in Fig. El) Also, in Fig. [31 tan/3 > 50 is not included. This region is dominated by 
B s — > \L\i and contains no new interesting regions. 

The decay rate for B s — > /i/j, depends on several other ingredients, an important one 
of which is the parameter A t . Within the Max-Mixing scenario, the value of A t is fixed 
from the squark masses and is thus sizable. But in the No-Mixing scenario, A t is set 
to be equal to /x cot [3, which is very small at large tan f3. Thus it is possible that the 
No-Mixing Scenario, lacking a strong B s — > /i/i constraint, might allow for light H ± over 
a wider range of parameters. 
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Charged Higgs Mass (GeV) 

Figure 4: Scan of the same MSSM models from previous figure now comparing m H ± to the 
lightest squark mass. Models still fall under the Max-Mixing scenario. 

In fact, the No-Mixing scenario changes the picture dramatically, but not as one 
might expect from the arguments in the previous paragraph. Our result is shown in 
Fig. EJ As expected, the B s — > /x/x constraint is now entirely absent. In its place is an 
even stronger b — > 57 constraint, and at tan/? > 30, the B — > tv constraint. The origin 
of the strengthened b — *■ 57 appears to be as follows: The No-Mixing scenario gets its 
name from the absence of left-right mixing among the top squarks. But left-right stop 
mixing plays a key role in several of the diagrams that help to cancel the H ± contribution 
to b — > S7. (Recall that b —>■ sj has the form of a magnetic moment operator and is thus 
chirality changing. For many parts of the calculation, the A-terms provide the chirality 
flip.) This b — *■ 57 constraint prohibits any light charged Higgs masses from appearing 
at low tan f3. 

Recall that in the Max-Mixing scenario, the constraint from B — > tv was almost 
unnecessary as the B s — > /x/j constraint seemed to rule out almost all models which 
would violate experimental bounds on B — > tv. For the No-Mixing scenario, the B s — > /x/x 
constraint is irrelevant, and the B — > tv constraint plays a more interesting role. Because 
the W and if ± contributions to B —>■ tv interfere, the high tan (3, low m#± region is not 
completely ruled out by B — » tv. At very high tan j3, the charged Higgs contribution can 
be twice as large, and with opposite sign, as the SM piece. In this region, the B — > tv 
constraint breaks down and a low charged Higgs mass is not ruled out. In our analysis, 
this occurs at 50 < tan /3 < 60, where a charged Higgs mass of about 150 GeV is allowed. 
Of course, at even larger tan/?, the charged Higgs contribution becomes altogether too 
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Figure 5: Scan of SUSY models examined on the tan/3 vs. m H ± plane. This plot shows models 
which fall under the No-Mixing scenario. 

large, ruling out all the available low m#± parameter space. 

But there is one caveat: recall from our discussion in §2.3 that the B — ► tv calculation 
is plagued by uncertainties, the largest coming from the poorly measured value of V u b 
and, to a slightly lesser degree, The uncertainty in these inputs translates into an 
uncertainty in the boundary of the region ruled out by B — > tv. Depending on the 
precise values used, the region at tan (3 > 55 where we find light charged Higgs masses 
may grow (i.e., a light charged Higgs could be consistent even for slightly lower tan/3) 
or it could vanish completely (due to the competing constraint from B — > Dtp). One of 
us is examining this issue further [28J. 

While the two main scenarios detailed above cover a important, and often studied, 
portions of the low-energy MSSM parameter space, there are still large portions of the 
MSSM not fully examined. We have also examined some other special regions of the 
parameter space, but found no results inconsistent with those shown above. In particular, 
we have dropped the constraint on the sign of /x coming from a M ; we find that cancellations 
in b — > s-y are even more difficult to arrange, and so a light H is even more unlikely. 

6 Conclusion 

A discovery of the charged Higgs, predicted in both trivial (2HDSM) and non-trivial 
(MSSM) extensions to the Standard Model, would be an unambiguous sign of new 
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physics. Such a particle could be discovered directly at the LHC or through its indirect 
effects on rare flavor- changing processes. In 2HDSMs in particular, the measurement of 
b — *■ sj puts a severe constraint on the mass of a charged Higgs. However, in the MSSM, 
new contributions from other SUSY particles may partially cancel the charged Higgs 
contribution, which allows for a considerable reduction in this bound. Precise knowledge 
of how light the charged Higgs is allowed to be in the MSSM is an important question 
for experimental searches, both direct and indirect. Several analyses have appeared over 
the last year examining exactly this question [31 IU [5] . But because the parameter space 
of the MSSM is so vast, each has make a different set of assumptions about the sparticle 
mass spectrum, mostly from a top-down approach. 

In this paper we re-examined this issue in an entirely bottom-up way. The points 
in parameter space which we have studied were chosen based on low-energy criteria 
alone, and not on their ability to unify at some ultraviolet scale. While one criticism 
of this paper would be our lack of unification, we feel that this is offset by our ability 
to find Higgs bounds which are fairly model independent. Likewise we have chosen to 
ignore questions of dark matter relic densities because the calculation of said densities 
would require knowing details of the spectrum (such as the slepton masses) which have 
no immediate effect on the charged Higgs mass, and which we therefore consider to be 
tunable. We suffice to demand that the LSP be a neutralino, which will at least afford 
the model a potentially viable dark matter candidate. 

In order to make a bottom-up analysis simple yet useful, we made one further simplifi- 
cation: we examined the MSSM in the two extremes of No-Mixing and Maximal-Mixing, 
where each is defined by the effect of stop mixing corrections on the light scalar Higgs 
mass. These scenarios are frequently examined in the phenomenological SUSY literature 
and so provide good starting points for any more complete discussion. 

The main results of this paper, in each of these two limits, can be found in Fig. [3] 
(Max-Mixing) and Fig. [5] (No-Mixing). For the Max-Mixing case, the charged Higgs can 
be found to be as light as 140 GeV, with a hard lower limit coming from the LEP searches 
for the light Higgs. This agrees well with the CMSSM analysis of Ref. [5], and is fairly 
similar to the large, positive A t case in Ref. Because the Max- Mixing scenario requires 
relatively large A t , the process B s — > rules out most of the available parameter space 
at high tan j3. At low to moderate tan j3, it is possible to find a charged Higgs as light 
as 140 GeV, but we are required to have a light set of squarks to cancel out the charged 
Higgs contributions to b — > 57. This can be seen in Fig. HJ where a charged Higgs mass 
below 150 GeV must be offset by squark(s) with mass below 400 GeV. 

For the No-Mixing scenario, the story is quite different. First, the constraint from 
b — > 57 becomes even more powerful. This appears to be because, with small A t , many 
of the chargino-stop diagrams become significantly weaker, as they require left-right stop 
mixing. Second, the B s —>■ fifi constraints disappear entirely, as the branching ratio is 
proportional to A\. But the B s — > fifi constraint is mostly replaced by the B — ► tv 
constraint, which now plays a large and more complicated role, since the W ± and 
contributions can cancel under some conditions. 
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Thus in the No-Mixing scenario at low to moderate tan (3, the strengthened b — > 57 
constraint pushed the lightest charged Higgs mass up to roughly 250 GeV. For tan (3 > 
50, we found that a charged Higgs mass as low as 150 GeV is possible, which loosely 
agrees with the "NUHM" case found in Ref. p[], though our choice of theoretical and 
experimental inputs differs from theirs in detail. 

Either way, we have shown that in the oft-studied "Max-Mixing" and "No-Mixing" 
SUSY Higgs scenarios, it is possible for a charged Higgs mass as light as 140 to 150 GeV 
to be observed. However such an observation requires cancellations in b — > 57 (and 
perhaps other processes) that can only occur if one or both of the top squarks are lighter 
than 400 to 500 GeV. Thus, within the context of the MSSM, observation of such a light 
charged Higgs would appear to guarantee a host of other sparticle discoveries, making 
for a very exciting period at the LHC. 
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